We report a detailed study of distortion effects in electro-optical sampling measurement at near-zero optical bias. It is found that when the induced optical retardation has a dynamic range larger than the optical bias, a false polarity change of the field can be observed merely due to the amplitude change of the field under investigation. The distortion cannot be corrected in general. However, when the optical bias is known, this phenomenon can be exploited to derive the absolute field amplitude under study. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2214143͔
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Here I 0 is the probe laser intensity, ␦ 0 and ␦ are, respectively, the phase retardation of the optical bias and that induced by the field under investigation. When ␦ 0 ӷ ␦, I s is linear to ␦.
Jiang et al. 11 have examined the distortion when the quadratic term becomes important. In this letter, we extend the analysis for applications such as in beam-characterization experiments where ␦ can have a dynamic range far exceeding ␦ 0 .
The schematic of the experiment is shown in Fig. 1 . The 70 fs, 0.78 mJ output of a Ti:Sa laser system is split into a probe and a pump beam. The pump beam, with 90% of the laser pulse energy, drives a 3 mm ZnTe crystal with ͑001͒ cut as the terahertz emitter. The laser spot size is 8 mm. An off-axis parabola focuses the terahertz onto a 1 mm ZnTe ͑001͒ sampling crystal. A single-shot detection technique based on the cross correlation between the terahertz field and the probe laser pulse 13 is adapted. This method and its variation 14 have been used in recent beam-characterization experiments. 4, 5 The sampling crystal is sandwiched between a pair of crossed polarizers with the probe beam imaged onto a charge-coupled device camera. The setup has an extinction ratio better than 10 6 , which is reduced to 3500 when the sampling crystal is introduced.
The reduction of the extinction ratio is attributed to the residual birefringence in the sampling crystal. Scatterings due to surface roughness and internal defects are found to be small. In this case, one can measure the residual birefringence based on the extinction ratio. Considering multiple reflection between the crystal boundaries, we have
Here R and a are, respectively, the reflection at the surface and absorption in the crystal for a 800 nm laser, measured at R = 0.27 ͑corresponding to an index of refraction of = 3.2͒
and a = 0.2. n is the number of round trips in the crystal. With an extinction ratio of I s / I 0 = 3500, we have a residue phase retardation ␦ 0 Ϸ 0.03. This serves as an upper limit of the optical bias. Another pair of polarizers is placed in front of the emitter crystal ͑Fig. 1͒. The second of them is fixed after they are adjusted to maximize the laser throughput. This way, by rotating the first polarizer we can adjust the laser intensity while maintaining its polarization on the emitter crystal. Noting that the laser is initially linearly polarized, after the first polarizer it has a polarization at from the input and an intensity of ϰcos 2 according to Malus's law. Here is the azimuthal angle of the first polarizer relative to the maximum transmission position. Applying Malus's law again for the second polarizer, we obtain the final laser intensity on the emitter crystal of I pump ϰ cos 4 . This gives the terahertz field amplitude as E THz ϰ I pump or E THz ϰ cos 4 before reaching saturation, 15, 16 hence the phase retardation ␦ ϰ cos 4 . The two polarizers also serve to balance the dispersion in the pump and the probe beam paths.
In addition, the azimuthal angle of the emitter crystal can be adjusted to allow flipping the polarity of the terahertz field with minimum change in the amplitude and shape of the wave forms. This quasirotational symmetry 17, 18 has been measured in a separate experiment. wave forms with opposite polarities at different amplitudes, free from any other potential distortions.
Figure 2 depicts two sets of wave form signals as a function of . In Fig. 2͑a͒ , the azimuthal angle of the emitter crystal and the laser control polarizers are optimized for the signal at the time slice indicated by the arrow. Figure 2͑b͒ shows the wave form signals with the emitter crystal rotated azimuthally by 60°from those in Fig. 2͑a͒ . The two sets of wave forms underlining the signal in Figs. 2͑a͒ and 2͑b͒ are expected to be identical but with opposite polarities.
However, the wave form signals are more complicated than expected. In Fig. 2͑a͒ , the signal at the indicated time decreases monotonically from maximum to zero as the polarizer angle increases from 0 to 90°. The signal at the same time slice in Fig. 2͑b͒ , however, starts at a positive maximum, then decreases to a negative maximum at = 55°, then rises back to zero. A more detailed analysis is given in Fig. 3 , showing the signal at the indicated time slice as a function of the pump laser energy ͑after correcting for loss at the crystal entrance͒.
At low pump laser intensities when ␦ ϰ I pump , a fit using Eq.
͑1͒ gives excellent agreement to the data in Fig. 3͑a͒ assum- ing ␦ has the same polarity as ␦ 0 . This quadratic dependence on pump energy, hence the terahertz field amplitude and the induced phase retardation, has been observed previously and can be corrected under certain conditions. 4, 11 The signal in Fig. 3͑b͒ shows a clear polarity change as the pump laser energy changes. However, this is just another result from Eq. ͑1͒ when ␦ 0 and ␦ have opposite signs. Fitting using Eq. ͑1͒ again generates excellent fit, with only ␦ 0 having a polarity opposite to that of ␦. Obviously, for highfield applications, a signal at low level can easily be contaminated by this artificial signal polarity change that is not correlated to the field polarity. Without prior knowledge of the wave form, this distortion is impossible to correct.
At pump laser energies higher than 200 J, the experimental data deviate from the quadratic fit using Eq. ͑1͒ ͑Fig. 3, insets͒, which is due to the saturation in the terahertz emitter; thus the condition ␦ ϰ I pump no longer holds. The saturation is attributed to two-photon absorption of the pump beam and related free-carrier absorption in the ZnTe crystal 15 and is studied in Ref. 16 .
With the knowledge of ␦ 0 , the amplitude of the terahertz field can be estimated. From Eq. ͑1͒, ␦ = ␦ 0 at the negative signal maximum. Hence the field amplitude can be deduced through E THz =8ϫ 10 4 V / m, taking into account the reflection loss at the exit of the emitter and the entrance of the sampling crystal. This corresponds to a power density of 8 ϫ 10 6 W/m 2 , with the focus size of 1.5 mm and a pulse duration of 2 ps; the energy per pulse is 30 pJ. At a pump energy of 57 J, the conversion efficiency to terahertz is 5 ϫ 10 −7 . In fact, the conversion efficiency as a function of the laser intensity is mapped out ͑Fig. 4͒, which gives a saturation conversion efficiency of 0.9ϫ 10 −6 at 300 J of pump energy for the 3 mm ZnTe crystal in this experiment. A saturation conversion efficiency of 1.5ϫ 10 −6 was obtained for a 2 mm ZnTe in Ref. 16 .
In summary, we have measured the distortion of EOS signal at near zero optical bias. We identified the change of signal polarity due to the change in the terahertz field amplitude when the intrinsic optical bias has an opposite sign. This was exploited to deduce the absolute field amplitude. This effect can distort signals in experiment with a large field dynamic range. 
